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INTRODUCTION
The importance of proteinases in tumor invasion was first recognized in 1925 when Fischer found that a lytic substance from sarcoma cells could degrade the fibrin stroma. Later it was found that the serine proteinase plasminogen activator (PA) played an important role in activating plasminogen to plasmin. Apart from PAs, proteinases such as serine, cysteine, and metalloproteinases have been associated with cancer [1] . It is important to realize that high levels of extracellular proteolytic activity are not restricted to the malignant phenotype, but are also seen in a number of physiological processes such as embryo implantation, wound healing, and angiogenesis. A common feature in these processes is the breaching of histological barriers with the degradation of the extracellular matrix (ECM) composed of basement membrane and extracellular stroma.
Matrix metalloproteinases (MMPs) are enzymes able to degrade most components of the ECM such as collagens, laminins, fibronectins, elastins, and the protein core of proteoglycans. At this moment more than 20 different MMPs have been identified and classified. They show a consistent sequence homology and in general share a pre-domain, which is a signal peptide for secretion, a pro-domain, important for maintaining latency, a catalytic domain with a highly conserved zinc-binding site, and a hemopexin-like domain. Most MMPs are secreted in the latent form, however, a few MMPs have a transmembrane domain and remain attached to the cell membrane (membrane-type MMPs or MT-MMPs). Based on sequence homology and substrate specificity, MMPs can be classified in five subgroups ( Table 1 ). The classification is somewhat arbitrary, since the true physiological substrates are a matter of debate. In situ hybridization techniques showed that most MMPs are not produced by tumor cells but by adjacent stromal cells. It is suggested that tumor cells produce a stimulatory factor (extracellular matrix metalloproteinase inducer, EMMPRIN) that induces stromal fibroblasts to produce MMPs [2, 3] . In addition, various growth factors, hormones, oncogenes, and tumor promoters are thought to play important roles in the regulation of MMP gene transcription. After translation, the MMPs are secreted in a latent form. Following proteolytic cleavage of the NH2 terminal pro-domain by other MMPs or other proteases, activated MMPs are being formed. Inhibition of MMPs is obtained through protease inhibitors such as α2-macroglobulin and by a group of specific tissue inhibitors of metalloproteinases (TIMPs). It is thought that an imbalance between the activation and inhibition of MMP activity in favor of the MMP activity plays an important role in the pathophysiology by on www.TheOncologist.com
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Hoekstra, Eskens, Verweij 416 of cancer by facilitating the invasion of tumor cells through the ECM. In addition, it is suggested that MMPs affect growth of primary tumors and metastases by stimulating release and activation of latent growth factors from the ECM such as basic fibroblast growth factor (bFGF), vascular endothelial growth factor (VEGF), and insulin-like growth factor [4] . Furthermore, degradation of the ECM is also an essential step in the process of angiogenesis, which is required for tumor growth beyond a few millimeters in size and for metastasis [5] .
There is extensive literature demonstrating the association of MMP activity and tumor progression. With regard to this association, several generalizations can be made [6, 7] :
• MMPs are detected in a large variety of tumors.
• The number of different MMP family members detected tends to increase with progression of the tumor.
• The relative levels of any individual MMP family member tend to increase with increasing tumor stage.
• MMPs can be made either by tumor cells themselves or as a host response to the tumor.
• The MMPs most frequently encountered are MMP-2, MMP-3, MMP-7, MMP-9, MMP-11, MMP-13, and MMP-14.
Evidence for the role of MMPs in the process of metastasis comes from several experiments using animal tumor models. Intraperitoneal injection of recombinant TIMP-1, a naturally occurring MMP inhibitor (MMPI), reduced lung colonization of intravenously injected B16F10 melanoma cells [8] . Transfecting an expression vector encoding for MMP-9 into a tumorigenic but non-metastatic rat embryo cell line resulted in increased metastatic capacity [9] . In addition, preclinical studies using synthetic MMPIs support the important role of MMP activity in the process of tumor progression, as discussed below.
Since there is a correlation between MMP expression in the tumor and tumor stage, it is suggested that MMP expression can be used as a diagnostic or prognostic tool. Indeed it was found that serum MMP-2 levels were increased in patients with prostate cancer compared with healthy controls or patients with benign prostate hyperplasia [10] . For colon cancer it was shown that high MMP-1 expression within the tumor correlated with hematogenous metastasis independent of other established histopathological factors [11] . This inverse relationship between increased MMP expression and clinical outcome was also found for gastric cancer (MMP-2 and MMP-9), small cell lung cancer (MMP-3, MMP-11, and MMP-14), esophageal cancer (MMP-7), and breast cancer (MMP-11) [12] [13] [14] [15] .
BASIC ASPECTS
As the inverse relationship between MMP expression and clinical outcome in cancer became more and more obvious, inhibiting the function of the MMP cascade became a target for the development of new anticancer drugs. In theory, therapeutic intervention in the MMP cascade is possible at the induction, production, secretion, activation, or catalytic part, but thus far, most research has focused on inhibition of the The most interesting agents are the synthetic inhibitors of the enzyme activity. The majority of these MMPIs have been developed through the application of structure-based design rather than through conventional screening technologies [16] [17] [18] . Based on the structure of the collagen molecule at the site of the initial cleavage, peptide and peptide-like compounds were developed that were able to interact with the active site of the enzyme and chelate the zinc ion at the catalytic site. The majority of these inhibitors contain a hydroxamic acid group as zinc chelator. The catalytic domains of most MMPs have a high degree of homology and therefore many of the early MMPIs exhibit a broad-spectrum inhibition profile. In order to create more specificity in binding of MMPs thought to be important in the process of tumor progression, and in order to augment oral bioavailability, research has moved to the development of peptide compounds with alternative chelators to the ubiquitous hydroxamic acid group and to nonpeptide compounds with a hydroxamate chelating group. A special group of MMPIs is formed by the tetracycline derivatives that not only inhibit MMPs by chelation of the zinc ion, but are also able to downregulate the production, inhibit the activation, and increase the degradation of MMPs [19] . MMPIs investigated in clinical trials are shown in Table 2 .
PRECLINICAL EXPERIENCE
MMPIs have been extensively studied in numerous tumor models. The first and most extensively studied MMPI is batimastat, a low molecular weight broad spectrum MMPI with a hydroxamate group as a zinc chelator. In in vitro experiments no cytotoxic activity was found [20] [21] [22] , whereas in studies with various human xenograft models a significant reduction of tumor growth rate was seen when batimastat was administered shortly after tumor inoculation [20, 23, 24] . Administration shortly after tumor inoculation in pancreatic, orthotopic colon, and orthotopic liver tumor models showed reduced growth of the primary tumor, a reduction in the onset of distant metastases, and even prolongation of survival [22, 25, 26] .
Although a significant reduction in tumor growth was seen when batimastat was administered shortly after tumor inoculation, treatment in a more advanced tumor stage did not result in a significant growth reduction in a B16-BL6 murine melanoma tumor model [23] . The issue of the growth inhibitory effect of MMPIs in the minimal residual disease state is particularly addressed in the studies mimicking the adjuvant setting. Using orthotopic human breast cancer models (MDA-MB-435 and HOSP.1P) it was shown that administration of batimastat shortly after resection of the tumor significantly inhibited local regrowth, decreased the number and volume of pulmonary metastases, and improved survival [27, 28] . While treatment with batimastat for a short period of time did not result in reduction of regional lymph node metastases, prolonged treatment did. It was suggested that batimastat was not able to prevent invasion of lymphatic channels (which lack a basement membrane), but that prolonged treatment was able to inhibit subsequent growth of nodal metastases [28] .
AG3340 is a selective, nonpeptide inhibitor of MMP-2, MMP-3, MMP-9, MMP-13, and MMP-14. Activity has been explored in a wide range of human tumor xenograft models [29] . Oral AG3340 given twice daily, started shortly after tumor implantation, resulted in a profound delay of tumor growth in a human colon, an androgen independent human prostate, and a human non-small cell lung cancer (NSCLC) tumor model. A similar inhibition of growth was seen when AG3340 was initiated after growth of established tumors of a human breast cancer xenograft (MDA-MB-435). AG3340 was the first MMPI tested in a human glioma tumor model (U87), where it was administered intraperitoneally starting 3 weeks after subcutaneous tumor implantation. It caused profound inhibition of tumor growth, decreasing tumor size by 78% compared with controls after 31 days, resulting in a two to three times increased survival [30] . Apart from the role of MMPIs as inhibitors of the remodeling of the ECM surrounding the tumor, there is also evidence that MMPIs inhibit tumor-induced angiogenesis. Analyzing angiogenesis using antibodies to CD-31, an endothelial marker that is almost exclusively expressed on newly formed vessels, revealed that AG3340 decreased angiogenesis in three of the four tumor models studied [29] . Furthermore, using murine endothelioma cells transformed by a polyoma middle-T oncogene, which forms tumors that are constituted of recruited host cells for more than 95%, it was shown that batimastat was able to induce a significant growth reduction [21] .
MMPIs have been tested in combination with cytotoxic chemotherapy. In a murine Lewis lung cancer model CT1746, an inhibitor of MMP-2 and MMP-9, combined with either cisplatin or cyclophosphamide was significantly more active than single agent therapy in delaying local tumor growth and reducing number and size of pulmonary metastases [31] . The effect was most obvious when CT1746 was started shortly after tumor implantation, again suggesting that MMPIs are more active when administered under conditions of low tumor volume. AG3340 was studied in combination with carboplatin or paclitaxel using a lung colonization model after i.v. injection of B16-F10 melanoma cells in mice [32] . Neither AG3340 nor carboplatin started 1 day after injection of tumor cells decreased the number of lung lesions (>1 mm 3 ) significantly. However, the combination produced a significant decrease in the number of lung lesions. AG3340 and paclitaxel, at single agent doses not able to reduce the number of lung lesions, in combination caused a significant decrease in the number of lung lesions. In an MV522 NSCLC model paclitaxel given at suboptimal dose was able to potentiate the activity of AG3340 resulting in enhanced tumor growth inhibition [33] . Finally in a human gastric KKLS tumor model, AG3340 not active as a single agent potentiated the activity of paclitaxel [29] .
Giavazzi et al. studied the effects of batimastat in combination with cisplatin in two human ovarian carcinoma xenografts (HOC22 and HOC8) inoculated in the peritoneal cavity of nude mice [34] . In the HOC22 model the early treatment with a combination of batimastat and cisplatin significantly prolonged survival compared with either single agent. In the HOC8 model, only moderately sensitive to cisplatin and not responsive to batimastat, the combination therapy resulted in a prolonged disease-free survival. When treatment was started in the advanced or late stage, monotherapy with cisplatin or batimastat was not effective in the HOC22 model, but the combination resulted in an increased survival.
MMPIS IN CLINICAL TRIALS

Phase I Studies
Several MMPIs have been tested in phase I/II trials. These studies are summarized in Table 3 . Batimastat showed a poor oral bioavailability and also could not be given intravenously due to its limited solubility. Therefore clinical studies were performed using intraperitoneal or intrapleural administration [35] [36] [37] [38] . Following intraperitoneal administration, rapid systemic absorption was seen with serum levels exceeding concentrations causing 50% inhibition (IC 50 ) of major MMPs for prolonged periods of time. Side effects considered to be drug related included abdominal discomfort, nausea, vomiting, and fever. Although response is difficult to assess in patients with ascites, patient benefits consisting of decreases in weight, abdominal girth, or frequency of drainage were observed [36, 37] . In a study performed in patients with malignant pleural effusions, batimastat was administered in the pleural cavity following pleural drainage [38] . Peak plasma levels were detected between 4 hours and 1 week after administration and in patients with doses ≥60 mg/m 2 , plasma levels were detectable for 9 to 12 weeks. Side effects were comparable to those previously mentioned, with the exception of nonsymptomatic elevation of liver enzymes occurring in 44% of the patients. There were no clear relationships between the elevated liver enzymes and the batimastat dose or the peak plasma levels. Peak values of liver enzymes were generally seen in the second week and in some patients elevations persisted for up to 5 months after batimastat administration. A partial response, with a significant reduction in the need for pleural reaspiration, was achieved in 7 of 16 evaluable patients. The reason for this activity is not clear and it cannot be ruled out that batimistat acted simply as a sclerosing agent, especially since no experimental data existed on MMP inhibition in vivo. Because batimastat could only be administered intraperitoneally or intrapleurally, further clinical development was halted.
Marimastat (BB-2516) was the first oral MMPI tested in clinical trials. It is a low molecular weight peptido-mimetic agent with a hydroxamate group closely related to batimastat. Marimastat is a potent and reversible MMPI with IC 50 s in the nanomolar range against MMP-1, MMP-2, MMP-3, MMP-7, MMP-9, and MMP-12. The first phase I study was performed with healthy volunteers [39] . Marimastat was rapidly absorbed and well tolerated, with pharmacokinetic data indicating that a total daily dose of 50 to 100 mg can achieve trough levels exceeding 40 ng/ml which is six times the IC 50 for the major MMPs. Since it was anticipated that no tumor regressions MMPIs: Current Developments and Future Perspectives would be seen and that chronic administration would be necessary to exert optimal antitumor activity, a number of phase I/II studies were initiated where early information about activity was based on the rate of rise of serum tumor marker levels [40] [41] [42] [43] [44] [45] . A combined analysis of these studies including 415 patients with advanced colorectal, ovarian, pancreatic, and prostate cancer using the serum tumor markers carcinoembryonic antigen (CEA), CA-125, CA 19-9, and prostate specific antigen (PSA), respectively, was published [46] . All patients studied had serum tumor marker levels rising by 25% or more above prespecified levels in a predefined period of 4 or 12 weeks. Marimastat doses studied varied from 2 mg once daily to 75 mg twice daily. Pharmacokinetic analysis showed that mean trough levels increased almost linearly with dose and that these levels for a given dose were substantially higher compared with healthy volunteers with mean trough levels greater than 40 ng/ml observed at total daily doses of 20 mg and above. The principal toxicity of marimastat was found to be reversible musculoskeletal events (myalgia, arthralgia, and tendinitis, predominantly in the upper limbs) with frequency and severity increasing with higher doses. Musculoskeletal events severe enough to reduce the dose occurred mostly after the first month of treatment and particularly at doses of 25 mg twice daily or higher, resulting in dose modification or withdrawal in more than one-third of the patients. Other infrequent severe side effects involved the gastrointestinal system and a few episodes of elevated liver enzymes. Evaluation of serum tumor marker levels following 4-12 weeks of treatment showed that the proportion of patients showing a rise in their tumor marker at the end of the study period of <0% or from 0%-25% increased with dose and was significant only in patients receiving doses of 20 mg daily or higher. This single evaluation point led to major discussion and is likely to overestimate clinical potential of the agent. Because the rate of rise in tumor marker levels is not yet validated as a marker of tumor response, the authors compared the survival of the patients with a tumor marker rise of <0% or from 0%-25% ("responders") with the patients with a tumor marker rise >25% ("non-responders"), and found that survival was significantly different in favor of the responders, thereby suggesting that these marker level changes could be a valid surrogate endpoint. However, due to the limited number of patients and the larger number of variables, this suggestion will have to be further tested in large-sized trials. Based on the combined analysis of the biological activity, the pharmacokinetic data, and the dose-related musculoskeletal pain, the recommended dose range for further studies was 10-25 mg twice daily. A study in patients with advanced lung cancer using marimastat at three different dose levels (25 mg, 50 mg, and 100 mg all twice daily) was performed [47] . Dose-limiting toxicity consisting of inflammatory polyarthritis, which occurred within 3 weeks from the start of treatment, was seen in the first three patients in the 100 mg twice daily group. The next three patients at this dose level received prophylactic nonsteroidal anti-inflammatory drugs, but these drugs could not prevent the development of the inflammatory polyarthritis. In the 50 mg group similar though less severe toxicity was seen. Two out of three patients in this group did not complete the 8-week study period because of early progression, so no reliable recommendations could be made about the optimal dose for further studies.
Trying to find evidence of biological activity based on endoscopic appearance and tumor histology, marimastat was also studied in patients with advanced gastric or gastroesophageal cancer [48] . Initially 50 mg twice daily was used based on data of the healthy volunteers study. After five out of six patients developed side effects (gastrointestinal or musculoskeletal), and based on pharmacokinetic data from this and other studies, it was decided to continue the study using a lower dose of 25 mg once daily in 29 additional patients. Again the principal side effect was related to the musculoskeletal system. Eventually 37% of the patients experienced this reversible side effect, the frequency of which increased following prolonged therapy. Additionally, in four patients using marimastat for more than 3 months, a subcutaneous skin thickening of the palmar surface of the hands resembling Dupuytren's disease developed. These side effects were also reversible to a large extent. Activity of the drug, studied by endoscopic changes of the tumor with respect to hemorrhage, fibrous cover, and tumor size, showed a definite increase in fibrous cover in three of six patients in the 50 mg twice daily group and 7 of 29 of the patients in the 25 mg once daily group. Although in three patients an endoscopic reduction in tumor size was suggested, this should be interpreted with caution given the difficulties of endoscopic response assessment. Microscopic assessment of tumor tissue samples did not show major histological changes after 28 days of treatment in all but two patients where an increase in fibrous stroma was seen.
AG3340 is a selective inhibitor of MMP-2, MMP-3, MMP-9, MMP-13, and MMP-14, but not MMP-1 (collagenase-1) thought to be associated with the joint-related toxicities. In a phase I study doses from 2 to 100 mg orally twice daily were studied [49] . Reversible joint-related complaints typically beginning in the shoulders, knees, or hands occurred in a dose-and time-dependent manner. Symptoms were manageable with a drug holiday of 2-4 weeks and a subsequent dose reduction. Drug holidays were necessary in a significant number of patients using doses of 25 mg twice daily and higher for more than 4 weeks. Preliminary data showed that AG3340 was rapidly absorbed and pharmacokinetics were linear with a plasma half-life (t 1/2 ) of 2-3 hours. Plasma levels reached were in the active dose range determined in preclinical tumor models [50] .
BAY 12-9566 is an orally bioavailable biphenyl compound with inhibitory activity against MMP-2, MMP-3, and MMP-9. In preclinical studies, growth inhibitory activity and reduction in the number of metastases were shown in various tumor models, with elevation of transaminase levels and mild depression of erythropoiesis as the principal toxic effects in animals [51] [52] [53] [54] . Four phase I studies including a total of 89 patients have been performed [55] [56] [57] [58] [59] . Dose levels studied ranged from 100-1,600 mg/day. The main dose-related toxicities were mild anemia and thrombocytopenia, elevated transaminase levels, and occasionally reversible bilirubin elevations. Other toxicities were mild nausea and vomiting, fatigue, and headache. Musculoskeletal effects did not occur. Pharmacokinetic analysis showed a rapid absorption and a less-than-proportionate increase in plasma steady-state levels (C ss ) with doses exceeding 100 mg/day suggesting saturable drug absorption. Since C ss levels seemed to reach a plateau at the higher dose levels (C ss 122 µg/ml at doses of 1,600 mg/day), which exceeded biologically active concentrations by at least two or three orders of magnitude, no further dose escalation was performed and therefore the maximum tolerated dose could not be determined. Despite achieving relevant plasma concentrations, no consistent effects were found on plasma levels of MMP-2 and MMP-9. For TIMP-2 levels a small increase was found in the higher dose range [59] . Also, for other surrogate markers, like plasma levels of VEGF, bFGF, and urinary pyridinoline and deoxypyridoline cross-links, no obvious relationship with dosing was found [56] . With regard to efficacy, no responses were reported, but about one-third of the patients remained in the study for more than 3 months and about 6% of patients were studied for more than 1 year. Based on the results of these four phase I studies, the recommended dose for further studies is 800 mg twice daily.
MMI270 (previously CGS27023A) is an orally bioavailable broad spectrum synthetic hydroxamic acid derivative able to inhibit a wide range of MMPs at nanomolar concentrations in vitro (MMP-1, MMP-2, MMP-3, MMP-9, and MMP-13). Reduced tumor growth in a breast and endometrial rat tumor model and inhibition of hematogenic metastasis of B16 melanoma cells in an experimental and spontaneous [60, 61] . In a phase I study with doses ranging from 50 mg once daily to 600 mg three times daily the main toxicities were a self-limiting maculopapular rash at higher dose levels and mild to moderate myalgia and arthralgia that were not dose related [62] . The recommended phase II dose was determined to be 300 mg twice daily, as at higher dose levels a marked increase in both incidence and severity of rash were seen. Pharmacokinetic analysis showed a rapid absorption and rapid elimination from the plasma with a t 1/2 of 1.6 hours. At the recommended dose the plasma levels of MMI270 were ≥5 times IC 50 of the target MMPs for more than 10 hours a day.
COL-3 is an orally available tetracycline analogue. Unlike the other MMPIs, tetracycline derivatives not only inhibit collagenase activity but also downregulate its production, inhibit its activation, and increase the degradation of the proenzyme. A phase I study was performed with doses escalating from 36 mg to 98 mg/m 2 /day [19] . Cutaneous phototoxicity was dose limiting and occurred already at the first dose level. With sun avoidance, protective clothing, and the prophylactic use of sunblock, the maximum tolerated dose (MTD) was 70 mg/m 2 /day. Three out of 35 patients developed a drug-induced systemic lupus erythematosus with arthralgia and fever. In four patients there was unexplained anemia, while bone marrow examinations in three of these patients revealed ringed sideroblasts. Other toxicities included fatigue, anorexia, nausea, vomiting, and elevated liver enzymes. Pharmacokinetic analysis revealed that peak plasma levels (C max ) were reached after a median of 6 hours and that in the higher dose ranges the increase in C max was not dose proportional suggesting a saturable absorption. The median single-dose t 1/2 of 56 hours could potentially lead to accumulation. No information was given about trough levels throughout the study. Three patients, all with a nonepithelial malignancy, had stable disease for more than 6 months. The authors recommend a dose of 36 mg/m 2 for further studies and higher doses when diligent sun precautions are used. In another study with COL-3, preliminary results indicate an MTD of 50 mg/m 2 /day, with photosensitivity of the skin and asthenia as principal toxicities [63] . In addition, it was found that plasma MMP-2 and MMP-9 levels were considerably decreased in a number of patients, possibly reflecting a decreased production, since in peripheral blood mononuclear cells the expression of MMP-9 was also decreased. The recommended doses of both studies yielded COL-3 plasma concentrations within the dose that in preclinical models resulted in growth inhibition of primary and metastatic tumors [64] . At this moment a phase I/II study with COL-3 is ongoing in patients with high grade gliomas.
BMS-275291 is a novel orally available nonhydroxamate MMPI with potent inhibitory activity against MMP-2 and MMP-9, which in an animal model did not cause jointrelated toxicity [65] . In a double-blind placebo-controlled study with healthy volunteers using doses from 150 to 1,200 mg once daily for 14 days, the agent was very well tolerated and no dose-limiting toxicity was found [66] . A phase I study was performed in 44 patients with advanced cancer with doses from 600 to 2,400 mg once daily [67, 68] . Again the agent was well tolerated and a maximum tolerated dose was not reached. Grade 1 and 2 arthralgia and myalgia were seen in a significant number of patients, but no frank arthritis and only one case of grade 2 tenosynovitis was observed. Based on pharmacokinetic data, showing trough levels at steady state at least 20-fold the IC 50 values for MMP-2 and MMP-9 at a dose of 1,200 mg once daily, this dose was recommended for further clinical studies.
Phase I Studies of MMPIs in Combination with Chemotherapy
As MMPIs should be regarded as cytostatic drugs that inhibit tumor growth but do not induce tumor regressions, it is theoretically attractive to combine MMPIs with cytotoxic regimens to augment their effectiveness. In preclinical models MMPIs were shown to have synergistic activity with cytotoxic regimens [27, [31] [32] [33] [34] . Several phase I studies have been performed combining a wide range of commonly used cytotoxic regimens with several MMPIs (Table 4) . Marimastat was tested in a number of phase I studies using doses varying from 2-20 mg twice daily, which is within the range of the recommended dose for further evaluation determined in single-agent studies. In general, the combinations were well tolerated without indication of additional toxicity. Of some concern are pharmacokinetic data from a study combining carboplatin and paclitaxel with marimastat 10 or 20 mg twice daily, which show trough levels of marimastat of 19.2 and 61 ng/ml that are substantially lower than in the single-agent studies and which for the 10 mg twice daily group are below the target trough levels of 40 ng/ml [73] . AG3340 25 mg twice daily was tested in combination with carboplatin/paclitaxel in patients with advanced tumors and with mitoxantrone/prednisone in patients with hormone refractory prostate cancer [75, 76] . In both studies the combination seemed safe and well tolerated, but no pharmacokinetic data were given.
BAY 12-9566 was tested in a number of phase I studies in combination with carboplatin/paclitaxel, 5-fluorouracil (5-FU)/folinic acid, carboplatin/etoposide, and doxorubicin/docetaxel [77] [78] [79] [80] . Preliminary data suggest that, in general, toxicity of these combinations is acceptable and that no significant pharmacological interactions occur. In the study with 5- well tolerated, while 800 mg twice daily, the recommended dose in single-agent studies, was not feasible due to occurrence of grade 2/3 thrombocytopenia.
MMI270 was also tested in combination with 5-FU/folinic acid administered according to the Gramont scheme [81] . MMI270 was added from the second cycle onward. At 300 mg twice daily, preliminary pharmacokinetic analysis did not indicate a marked effect of MMI270 on 5-FU levels. The toxicity related to MMI270 was comparable with the toxicity seen in the single-agent study.
Phase II/III Studies with MMPIs
Two randomized phase II studies with marimastat have been performed in patients with pancreatic carcinoma and malignant melanoma, respectively, but mature results from these studies have not yet been published [82, 83] . A randomized phase II study in patients with glioblastoma multiforme comparing oral temozolomide from day 1-5 every 28 days plus AG3340 or placebo daily until unacceptable toxicity or disease progression is ongoing.
Randomized phase III studies with MMPIs have been performed in a range of tumor types and a range of strategies [7] . In general, phase III study strategies include those comparing an MMPI with conventional cytotoxic chemotherapy, those comparing chemotherapy with an MMPI versus chemotherapy alone, and those comparing an MMPI with placebo in patients with minimal residual disease.
In 369 patients with inoperable gastric cancer, marimastat 10 mg twice daily was compared with placebo [84] . Pretreatment with chemotherapy was allowed if patients had responded or had stable disease. Progression-free survival was significantly increased in the patients using marimastat, but overall survival was not improved. In subgroups of patients with prior chemotherapy and of patients without distant metastases, overall survival was significantly better in the marimastat-treated group. About 10% of the patients in the marimastat group stopped their treatment due to side effects, mostly musculoskeletal complaints. This study is currently the only one suggesting a benefit of an MMPI, but one must realize that this suggestion is only based on subgroup analysis in small cohorts of patients.
In patients with advanced pancreatic cancer, marimastat (5, 10, or 25 mg twice daily) was tested as first-line treatment and compared with gemcitabine 1,000 mg/m 2 weekly for 7 out of 8 weeks [85] . Time to progression and overall survival were significantly better in the gemcitabine group, with no major differences in the marimastat subgroups. Therefore, there is no reason to suggest that the difference was caused by subtherapeutic marimastat dose levels. Preliminary data from a randomized trial testing the addition of marimastat 20 mg twice daily to gemcitabine in 239 patients with advanced pancreatic cancer without prior chemotherapy did not show an advantage of the combination in terms of survival, time to progression, and quality of life. A study comparing marimastat with placebo in an adjuvant setting in patients after surgery for pancreatic cancer is currently ongoing. A randomized study comparing marimastat 10 mg twice daily with placebo in patients with glioblastoma multiforme or gliosarcoma following completion of surgery and radiotherapy did not show a survival benefit for the marimastat group [86] . In addition, studies with marimastat are being performed in other tumor types with minimal disease, for example, non-small cell lung cancer (NSCLC) stage IIIA/IIIB with minimal disease after optimal cytoreductive treatment, small cell lung cancer in partial or complete remission after first-line chemotherapy, and metastatic breast cancer with stable disease or response after first-line chemotherapy. [87, 88] . Interim results of both studies, including the majority of the included patients, thus far revealed no differences in response rate, progression-free survival, or overall survival in the treatment arms.
BAY 12-9566 was tested in several phase III trials in which this MMPI was compared with placebo in patients with small cell lung cancer, NSCLC, and ovarian cancer with partial or complete remission after primary treatment. An interim analysis of the study in patients with small cell lung cancer showed inferior survival in the patients treated with BAY 12-9566 [89] . In another phase III trial BAY 12-9566 was compared with gemcitabine in patients with advanced pancreatic carcinoma [90] . An interim analysis, after including 277 patients, showed inferior progression-free survival and overall survival in the BAY 12-9566 group, after which the accrual has been closed. Based on these negative results, clinical development of BAY 12-9566 has been suspended.
Several other compounds like BMS-275291 and AE-941 have entered phase III trials, but it is too early to report on any data.
DISCUSSION
The important role of MMPs in the process of tumor growth and metastasis has led to the development of specific inhibitors of these enzymes. Several of these inhibitors have entered clinical trials, and results of these studies have recently been presented. Results from preclinical studies and the currently available data from clinical studies make clear that MMPIs will have to be regarded as antiproliferative instead of cytotoxic agents. The development of clinical trials that can optimally assess the role of these new agents forms a major challenge for oncologists, similar to the situation of angiogenesis inhibitors, farnesyl transferase inhibitors, and tyrosine kinase inhibitors [91] . In contrast to cytotoxic agents, where phase I studies are being performed to define dose-limiting toxicities (DLTs) and to determine the recommended dose for phase II studies, defining the recommended dose for antiproliferative or cytostatic agents is more complicated because often DLTs do not occur. As cytostatic agents will have to be administered for prolonged periods of time in order to exert optimal antitumor activity, knowledge of toxicities following this prolonged administration is important for defining an optimal dose. Furthermore, as some cytostatic agents are completely devoid of side effects, it might not even be possible at all to define one single recommended phase II dose, and instead the optimal biological effective dose must be defined based on other endpoints. Examples of these endpoints are threshold plasma levels known to inhibit tumor growth in preclinical models, threshold plasma levels exceeding IC 50 of target MMPs, or inhibition of target enzymes within tumors. The last option is often practically impossible since this requires multiple tumor biopsies. Measurement of MMP levels in plasma and other body fluids can give insight into the activity of the MMPI, but thus far such correlative studies have been disappointing [47, 59] . Perhaps this is reflecting the fact that MMPIs in general inhibit enzyme activity rather than their secretion. Measurement of surrogate markers of target inhibition can also give insight into biological activity, for example, changes in tumor marker levels (CEA, CA 15.3, CA 19.9, and PSA) or changes in blood flow assessed by positron emission tomography scanning or dynamic magnetic resonance imaging. However, these methods have not yet been validated.
Classic single-agent phase II studies using tumor regression as an endpoint of activity will almost certainly lead to underestimation of potential antitumor activity of cytostatic agents. Therefore, in order to select agents for further testing in large randomized phase III trials, it may make sense to perform properly designed phase II trials that should preferably be randomized [92] . In these studies tumor regression should be replaced by surrogate endpoints of antitumor activity, for example, time to progression, tumor marker inhibition, and survival rate at a certain predefined timepoint. In order to avoid a bias in patient selection, the study design should be randomized, for example, using the "randomized discontinuation" design, in which all included patients are being treated with the cytostatic agent for a predefined period of time. Patients not showing disease progression during or at the end of this period could then be randomized to either continue treatment or to receive no drug or placebo. Although these trials can never be powered to detect significant differences, performing them could prevent too early rejection of a potentially active agent or prevent performing large, time-consuming phase III trials with inactive agents. Until now, no results of such randomized phase II trials with MMPIs have been published.
As mentioned, the results of the few randomized phase III trials with MMPIs that have been presented so far are disappointing. However, in view of the mechanisms of action of MMPIs one can argue whether the patient population studied is the most likely to benefit from growth inhibitory and antiinvasive agents such as MMPIs. Usually patients in these kinds of studies have a large tumor load, often with multiple metastases. Therefore, a more realistic approach should be to perform studies with MMPIs in patients in whom the tumor load has been optimally reduced either following surgery or optimal cytoreductive, cytotoxic treatment. Such an adjuvant by on www.TheOncologist.com Downloaded from study using marimastat in optimally operated pancreatic carcinoma is currently ongoing.
In these situations, once again, one has to bear in mind, however, that toxicity occurring after prolonged periods of drug administration becomes important and thus, even toxicity regarded as mild in studies with only short-lasting drug administration can turn into a serious problem following prolonged treatment.
One of the most intriguing toxicities related to treatment with MMPIs is musculoskeletal toxicity. The clinical spectrum varies from mild myalgia and arthralgia to frank tendonitis and arthritis. This toxicity occurs in almost all broad-spectrum MMPIs especially after a prolonged period of treatment, with symptoms occurring earlier and being more severe at the higher dose ranges, although in the study with MMI270 musculoskeletal complaints were dose independent [62] . It is suggested that inhibition of MMP-1 is associated with the joint-related problems and therefore MMPIs that do not inhibit MMP-1 have been developed. BAY 12-9566 is such an MMPI, and in clinical studies with this compound indeed no musculoskeletal side effects were seen, whereas with AG3340, which only inhibits MMP-1 in the nanomolar range compared with inhibition of other MMPs in the picomolar range, musculoskeletal toxicity was only seen at the higher dose levels. The exact role of MMP-1 in the pathogenesis of the musculoskeletal side effects is still a matter of debate. Another possible explanation for the differences in musculoskeletal side effects reported could be the differences in inhibition of tumor necrosis factor-α (TNF-α)-converting enzyme (TACE), an enzyme belonging to the reprolysin family of Zn 2+ metalloproteinases. TACE acts as a sheddase and is held responsible for the release of soluble TNF-α from its membrane-bound precursors, while TNF-α is associated with inflammatory arthritis [93] . In an animal tendinitis model it was found that a broad spectrum MMPI with anti-sheddase activity was active in a mouse B16 melanoma model without inducing a tendinitis, while a comparable broad-spectrum MMPI without anti-sheddase activity was also active in the cancer model but did induce development of tendinitis [94] . In the same experiments it was shown that small spectrum MMPIs did not cause development of tendinitis but were not active either in reducing tumor growth. Although these findings may not be generalized, these data show that changes in MMP specificity can influence antitumor effects and toxicity profile and that, therefore, further research is needed to characterize the exact role of individual MMPs in different tumor types.
CONCLUSION
The recognition of the concept of MMPs being involved in the process of tumor growth and metastasis and the subsequent development of a large number of agents able to inhibit the enzyme activity has led to the evaluation of several of these new agents in early clinical trials and randomized clinical trials for which the first results are now available. The initial enthusiasm on the possible use of MMPIs in the treatment of cancer has clearly been dampened. We seem to be in a period of considerable concern whether a balance between required activity and avoidance of toxicity, based on focused targeting of specific MMPIs, can ever be achieved. We believe that the concept of MMPIs is too intriguing to completely reject their development, but that at the current stage focus should again be on preclinical research.
